A rigid rod-like organic molecular ensemble comprised of a triarylamine electron donor, a 2,2´-bipyridine (bpy) ligand, and a 9,10-anthraquinone acceptor was synthesized and reacted with suitable 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 absorption spectroscopy. From a combined electrochemical and optical spectroscopic study the thermodynamics and kinetics for the individual photoinduced charge-separation and thermal chargerecombination events were determined; in some cases measurements on suitable donor-sensitizer or sensitizer-acceptor dyads were necessary. In the case of the ruthenium and iridium triads, the fully charge-separated state is formed in nearly quantitative yield.
INTRODUCTION
The construction of molecular triads with linear alignment of an electron donor, photosensitizer, and an electron acceptor is of long-standing interest. 1 more favorable photophysical properties of the complex. [14] [15] [16] [17] Numerous molecular electron transfer triads based on the Ru(bpy) 3 2+ photosensitizer have been explored, but when substituting one bpy ligand with an electron donor while equipping a second bpy ligand with an electron acceptor (Scheme 1c), one is often confronted with the problem of isomerism, and analysis of the electron transfer kinetics may become tricky. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Moreover, the resulting molecular constructs are not linear. A viable solution to this problem is to attach the donor and the acceptor at the 5-and 5´-positions of a given bpy ligand (Scheme 1d). We recently communicated preliminary results on what we believe to be the first rigid rod-like (linear) triad based on the Ru(bpy) 3 2+ photosensitizer. 29 Here, we present a more detailed study including transient absorption data at higher temporal resolution, and an extension of the work to analogous triads with Os(bpy) 3 2+ and a cyclometalated iridium(III) complex as photosensitizing units. Specifically, we synthesized and investigated the three triads from Scheme 2 along with a series of suitable molecular (trimethylsilyl)phenylboronic acid as a first coupling partner, trimethylsilyl-halogen exchange, followed by reaction either with anthraquinone-2-boronic acid pinacol ester or 4,4´-dimethoxydiphenylamine.
Detailed synthetic protocols can be found in the Supporting Information of our prior communication. 29 Complexation of the dyad and triad ligands to Ru(bpy) 2 Cl 2 , Os(bpy) 2 Cl 2 , and [Ir(2-(ptolyl)pyridine) 2 Cl] 2 30-31 occurred following standard protocols. 32 Product characterization data are given in the Experimental Section.
Optical absorption and luminescence spectroscopy. However, although the p-xylene spacer leads to significantly less π-conjugated systems than unsubstituted p-phenylene bridges, [33] [34] some of the extinction in the 310-380 nm spectral range is likely to be caused by the molecular bridge and/or an increase of π-conjugation in the overall system. The TAA unit absorbs predominantly at shorter wavelengths and contributes substantially to the extinction below 300 nm. [35] [36] Expectedly, the osmium complexes from panel (b) exhibit the same spectral features as the isoelectronic ruthenium compounds, only that the 1 MLCT bands are red-shifted and that the 3 MLCT absorptions between 520 and 700 nm now become easily detectable as a consequence of the relaxation of spin selection rule. As in the case of ruthenium, the AQ unit causes the TAA-Os II -AQ and Os
II
-AQ molecules to absorb more strongly between 310 and 380 nm than the TAA-Os II and Os II molecules.
The cyclometalated iridium complexes in panel (c) exhibit 1 MLCT and 3 MLCT absorptions in the 400-500 nm spectral range, and to the higher energy side these absorptions merge directly into intraligand π-π* absorptions. Thus, it is difficult to perform a clear distinction between absorptions that involve the metal center and absorptions which do not. Be that as it may, the global appearance of all absorption spectra in Figure 1 is that expected for d 6 metal complexes of this type. 11, [37] [38] [39] [40] [41] [42] The dyad and triad spectra of the ruthenium and osmium triads correspond more or less (but not precisely) to the sum of the absorption spectra of the individual molecular components, indicating that the overall systems are electronically weakly coupled. At donor-photosensitizer and photosensitizer-acceptor distances of roughly 4.3 Å (i. e., the length of one p-xylene spacer) this is to be expected. However, for the TAA-Ir dyad and the TAA-Ir-AQ triad the absorption spectra in Figure 1c reveal more pronounced interaction between the individual molecular moieties: There is a broad absorption band around 450 nm, in a spectral region where none of the individual components absorbs. Similar observations have been made previously in a TAA-Ir(tpy) 2 3+ dyad.
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Steady-state luminescence spectroscopy. All of the compounds from Scheme 2 are emissive when irradiating ∼10 -5 M (aerated) acetonitrile solutions of them with blue or UV light, albeit with widely varying luminescence intensities. Figure 2a shows the emission spectra of the four ruthenium compounds as detected after excitation at 450 nm. The luminescence intensity of the Ru II reference complex has been normalized artificially to a value of 1.0, all other luminescence intensities are scaled relative to this reference point. 44 The Luminescence spectra of the 12 molecules from Scheme 2 in aerated CH 3 CN at 25°C.
Excitation occurred at 450 nm in the case of the ruthenium and osmium molecules (a, b), and at 380 nm in the case of the iridium molecules (c). Relative emission intensities were corrected for differences in sample absorbance at the excitation wavelength, and the final intensities were normalized to a value of 1.0 for the reference complexes (Ru   II   , Os   II   , Ir   III ).
Expectedly, the 3 MLCT emissions of the osmium compounds in Figure 2b (excited at 450 nm) are all significantly red-shifted with respect to the ruthenium complexes in Figure 2a . 51 than that of Ru(bpy) 3 2+ , triplet-triplet energy transfer is even less probable in this case. Indeed, the subsequent sections will demonstrate that electron transfer from photoexcited osmium to AQ is an important excited-state deactivation channel. Figure 2c shows the luminescence spectra obtained from the iridium complexes after excitation at 380 nm. For cyclometalated iridium(III) complexes of this type, the emission is commonly of mixed 3 MLCT
/ intraligand π-π* character. 40, 42 Given the comparatively high energy of the emissive triplet states, the excited-state deactivation by triplet-triplet energy transfer is an energetically more viable option for the iridium dyads and triads than for the ruthenium and osmium compounds. Nevertheless, the subsequent paragraphs of this paper will show that the strong emission quenching observed in the TAA-Ir To summarize this paragraph on the steady-state luminescence properties we note that the ruthenium emission is quenched significantly in presence of the TAA donor while AQ has a weak influence, the osmium luminescence is quenched to a noticeable extent in presence of AQ while TAA has a weak influence, and the iridium luminescence is strongly susceptible to the presence of both TAA and AQ. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Electrochemical investigations and energy level structure of the triads. Figure 3 bpy-and AQ-localized one-electron reductions as well as TAA-and metal-localized one-electron oxidations are found to exhibit peak-separations near the expected 59 mV, but the oxidation processes have higher peak currents in the oxidative than in the reductive sweep (ratios vary between 1:1 and ∼30:1). All one-electron redox waves exhibit peak separations near the expected 59 mV. All redox waves exhibit current peak ratios near 1:1 when comparing the current peaks of oxidative and reductive sweeps.
The osmium data in Figure 3b lead us to similar conclusions. Not surprisingly, the TAA, AQ, and bpy redox potentials are hardly affected by the change in metal (Table 2) , only the metal oxidation process is susceptible to the replacement of Ru(II) by Os(II). The conversion of Os(II) to Os(III) occurs at ∼0.5 V vs. Fc + /Fc, again in line with previous investigations. 51 As noted above for ruthenium, reduction of the Os(bpy) 3 2+ complex occurs predominantly at the bpy ligands, but for convenience we will later designate the one-electron reduced osmium complex as Os I .
The cyclic voltammograms for the iridium complexes in Figure 3c are less rich on the reductive side than the ruthenium and osmium data because there is only one (instead of three) ligand-based reduction processes in the potential window considered here. The wave at -1.8 V vs. Fc + /Fc is assigned to a bpylocalized reduction process ( Table 3 ).
For the ruthenium and osmium compounds the difference between the metal oxidation potentials of the free complexes and those of the dyads and triads ranges from 0 to 30 mV (Tables 1 and 2 ). Thus, its seems that interaction of the iridium photosensitizing unit with the TAA and AQ moieties is somewhat stronger than in the case of the ruthenium and osmium dyads and triads. This finding is in line with those from optical absorption spectroscopy (see above). The electrochemical potentials of the organic redox-active moieties (TAA and AQ) are essentially the same in all the dyads and triads (Tables 1-3) . Table 3 . Reduction potentials for the individual redox-active components of the iridium molecules from The bpy-and AQ-localized reductions exhibit good reversibility. TAA-and iridium-localized oneelectron oxidation waves show peak separations close to the expected 59 mW, but the ratio between the current peaks in oxidative and reductive sweeps ranges from ∼1:1 to ∼40:1.
Based on the electrochemical data from Figure 3 and Tables 1 -3 one can establish the energy level diagram for the triads shown in Scheme 3. In doing so, we have neglected any effects arising from distance-dependent donor-acceptor interactions and have simply calculated energies for the individual states from differences in reduction potentials. 58 This procedure obviously yields crude estimates at best, and even though we indicate energies to two digits of electron volts, we note that the error bars 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the spectro-electrochemical data in Figure 4d and Figure 4e the three bands can be readily assigned. In all the three triads we observe decays which are single exponential over at least one order of magnitude, and in all cases the decays at the three abovementioned wavelengths yield nearly identical lifetimes. This is consistent with the notion that the TAA + and AQ -species disappear jointly in a thermal charge-recombination event.
The average lifetimes of the fully charge-separated states extracted from fits to the experimental decay data in Figure 5 63 Given the fact that the final charge-separated state involves electron-hole separation formally over a 22-Å distance, a lifetime in the 100-ns-to µs-regime is not particularly surprising, 1 even if the effective electron transfer distance may be somewhat shorter as a consequence of partial hole or electron delocalization onto the p-xylene bridging elements. [64] [65] [66] What is surprising, however, is the observation of a markedly shorter lifetime for the osmium triad compared to the ruthenium and iridium systems. We 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 i. e., the electron transfer from Ru I to AQ while maintaining the hole at the TAA + site. In the TAA-Ru II dyad, the TAA + radical cation absorption at 770 nm decays with a lifetime of 15 ns (blue trace in Figure 6c ). We infer from this observation, that in the triad process "4" (Scheme 3a)
proceeds with a rate constant of 6. Scheme 3a). The rate constant for the process "6" may simply be estimated from the lifetime of the isolated Ru(bpy) 3 2+ complex in de-oxygenated acetonitrile (1.2·10 6 s -1 ). The rate constant for the process "2" is more difficult to obtain. We have found that the only viable possibility in this case involves the use of time-resolved luminescence spectroscopy: Figure The difference between the two luminescence decay rate constants (2.1·10 6 s -1 ) is taken as the rate constant for the process "2" in Scheme 3. Unfortunately, the AQ -anion cannot be detected for the Ru II -AQ dyad, 57 presumably because of rapid thermal back-electron transfer in the opposite sense; this appears to be not an uncommon problem for ruthenium-quinone dyads. 25, 57 In the triad, AQ -is formed after TAA + (50 ps vs. 9 ps, see above), hence in the picosecond transient absorption data (Figure 6a, b) one observes the formation of the final charge-separated state at 1.57 eV rather than the TAA-Ru With numerical estimates for the rate constants of the processes "1" -"6" from Scheme 3a at hand (second column of There is a technical problem associated with this finding: on the one hand, 10 ns is too long to be measured accurately with our femtosecond equipment, and on the other hand, 10 ns is too short to be detected on our nanosecond setup with reliable accuracy. In this awkward situation we tentatively attribute a rate constant of ∼10 8 s -1 to the process "2" from Scheme 3b, but note that error bars are rather large in this particular case.
In the Os Kinetics and quantum yields for formation of charge-separated states in the iridium triad. For the iridium triad the situation is fundamentally different from that for the ruthenium and osmium triads:
we were unable to selectively excite the metal complex in TAA-Ir 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The red trace in Figure 8a is the transient absorption spectrum detected with a delay of 1 ps after the excitation of TAA-Ir III -AQ in CH 3 CN at 420 nm. This spectrum shows an absorption band at 770 nm, which we have identified above as due to TAA + . There is an additional absorption between 500 nm and 650 nm, which cannot be accounted for by the oxidized triarylamine unit (compare to Figure 4d ). It appears plausible to attribute this additional absorption to the reduced metal complex, i. e., the Ir 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 same sample detected with a delay of 3 ps. Scheme 4 we attribute a rate constant of 3.5·10 12 s -1 to process "1" and a rate constant of 3.3·10 11 s -1 to process "2" (last column of Table 4 ).
Once formed, the relaxed TAA + -Ir II -AQ state at 2.05 eV can either undergo charge-recombination to the ground state (process "4" in Scheme 4) or it can proceed to the final charge-separated state at 1.56 eV (process "3"). Experiments on the TAA-Ir III dyad indicate that the back-electron transfer between the oxidized TAA and reduced iridium takes place with a time constant of 67 ns; the respective transient absorption decay data is shown in Figure 8c . We infer that in the triad the process "4" occurs with a rate constant of 1.5·10 7 s -1 (last column of Table 4 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Kinetic information regarding the formation of the fully charge-separated state at 1.56 eV can be extracted from the purple trace in Figure 8d , which shows the time profile of the optical density at 550 nm, i. e., at one of the absorption band maxima of the AQ -species. The respective time profile shows an initial rapid rise and a decay due to the formation of the *(TAA + -Ir 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the osmium system. In the iridium triad both the reductive and oxidative excited-state quenching steps are thermodynamically possible, but the reductive pathway dominates kinetically. The lifetimes of the fully charge-separated states are in the microsecond regime in the ruthenium and iridium triads. Three factors may be responsible for these slow recombination kinetics: (i) inverted driving-force effect, 47, 67 (ii) long electron-hole separation distance (∼22 Å), [68] [69] and (iii) spin selection rule. 70 In the case of the osmium triad, the lifetime of the fully charge-separated state is more than an order of magnitude shorter than in the ruthenium and iridium systems, possibly because of a relatively small energy gap between the TAA-Os Future work on these systems will focus on the role of coupling of intramolecular photoinduced electron transfer to bimolecular proton transfer with reduced anthraquinone as a proton-accepting site.
Preliminary results from this work have been communicated recently.
EXPERIMENTAL SECTION
The syntheses of the organic moieties of the rigid rod-like molecular triads and dyads (triarylamine-2,2´-bipyridine-anthraquinone unit for the triad; triarylamine-2,2´-bipyridine and 2,2´-bipyridineanthraquinone units for the dyads) were described in detail in the Supporting Information to one of our previous publications. 29 was used as a working electrode. A silver wire served as a quasi-reference electrode and a second silver wire was used as a counter electrode. Voltage sweeps occurred at rates of 100 mV/s, solutions were deoxygenated by bubbling N 2 gas prior to measurements. Optical absorption spectra were recorded on a Cary 300 spectrometer from Varian. Spectro-electrochemical experiments were performed using the Cary 300 spectrometer, the potentiostat mentioned above, and an optically transparent thin-layer (OTTLE) cell from Specac. 72 Steady-state luminescence spectra were measured on a Fluorolog-3 instrument (FL322) from Horiba Jobin-Yvon, equipped with a TBC-07C detector from Hamamatsu.
Transient absorption and time-resolved luminescence in the nanosecond time domain was measured using an LP920-KS instrument from Edinburgh Instruments. The detection system of the LP920-KS spectrometer consisted of an R928 photomultiplier and an iCCD camera from Andor. The excitation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 source was a Quantel Brilliant b laser (frequency-doubled or -tripled). Prior to nanosecond time-resolved measurements, samples were thoroughly de-oxygenated by bubbling N 2 gas through the solutions, or by using home-built quartz cuvettes and a freeze-pump-thaw technique for oxygen removal. The sample absorbance at the excitation wavelength was typically between 0.1 and 0.3. A pump-probe method for time-resolved absorption was used to detect fast processes with a time resolution of 150 fs. The femtosecond pulse generator (TISSA50, Avesta/CDP) was pumped with a continuous wave Nd:YAG second harmonic laser (Verdi-V6, Coherent). The femtosecond pulses were amplified with a TiSapphire amplifier (Avesta/CDP) pumped by a Nd:YAG laser (LF114, Solar TII). After the amplifier, the beam was split in two separate beams. The first part was passed through a second harmonic generator to obtain excitation (pump) pulses at 400 nm or 420 nm, and the second part was passed through a cuvette with water to generate a white light continuum as the monitoring (probe) pulse. The excitation beam was directed to a delay line (Avesta/CDP), enabling measurements of the transient absorption spectra up to 1 ns after excitation. A monochromator (Andor 0032) and a CCD camera (Newton DU920N-BR-DD, Andor) were used to record the spectra. The sample was placed in a rotating cuvette to prevent any degradation due to the laser excitation. The obtained time-resolved absorption decay curves were globally fitted to a sum of exponentials. The instrumental setup and the data analysis procedure are described in more detail elsewhere. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 York, 1994. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
